In Brief
Vernalization has been traditionally understood as a response of plants to prolonged winter temperatures, which enable plants to flower. However, here, O'Neill et al. use a plot warming system to show that vernalization is an autumn phenomenon in the field.
Plants with winter annual life history germinate in summer or autumn and require a period of prolonged winter cold to initiate flowering, known as vernalization. In the Brassicaceae, the requirement for vernalization is conferred by high expression of orthologs of the FLOWERING LOCUS C (FLC) gene, the expression of which is known to be silenced by prolonged exposure to winter-like temperatures [1] . Based on a wealth of vernalization experiments, typically carried out in the range of 5 C-10 C, we would expect field environments during winter to induce flowering in crops with winter annual life history. Here, we show that, in the case of winter oilseed rape, expression of multiple FLC orthologs declines not during winter but predominantly during October when the average air temperature is 10 C-15 C. We further demonstrate that plants proceed through the floral transition in early November and overwinter as inflorescence meristems, which complete floral development in spring. To validate the importance of prewinter temperatures in flowering time control, we artificially simulated climate warming in field trial plots in October. We found that increasing the temperature by 5 C in October results in raised FLC expression and delays the floral transition by 3 weeks but only has a mild effect on flowering date the following spring. Our work shows that winter annuals overwinter as a floral bud in a manner that resembles perennials and highlights the importance of studying signaling events in the field for understanding how plants transition to flowering under real environmental conditions.
RESULTS AND DISCUSSION
Plants use environmental cues to monitor seasonal progression and to optimize the timing of reproductive development to specific seasonal windows [2] . Winter annual plants are characterized by germination in the autumn and require the experience of a prolonged period of winter cold, known as vernalization, in order to promote flowering in spring [3] . In temperate regions, winter crop varieties are preferred where cultivation is climatically favorable because of higher yields and the presence of soil-stabilizing root systems in winter [4] .
In Arabidopsis and other members of the Brassicaceae family, the sensing of vernalizing temperatures is performed primarily by the FLOWERING LOCUS C (FLC) locus [1] . FLC is highly expressed in young plants and epigenetically silenced by prolonged exposure to winter cold, in a process that targets polycomb repressive complex 2 to the first intron [5] . However, although major described flowering time genes are highly conserved and have documented large effects under laboratory conditions, their loss does not always translate to large effects on flowering date in the field [6] . The strong laboratory and weaker field phenotypes remain unexplained. Some phenotypes observed in constant laboratory temperatures are less distinct in more realistic temperature regimes [7] : this raises the question of other processes affecting flowering time in the field, in addition to passage through the floral transition. The timing of key molecular events in the field is only now starting to be understood [8] .
Winter oilseed rape is an important oil crop in Europe and is sown in late summer, remaining vegetative in the field until flowering the following spring and exhibiting a classical winter annual phenology ( Figure 1A ). In the United Kingdom, bolting most commonly occurs at the end of winter, with flowering and seed set in spring and early summer. Many genes shown to be important for Arabidopsis flowering time control are known to share conserved functions in Brassica napus [9] [10] [11] [12] [13] [14] , including the key role of FLC in conferring a vernalization requirement.
To understand how and when major molecular processes that underpin the transition to flowering take place in the field, we first generated an RNA sequencing (RNA-seq) data series of apical meristems and surrounding tissue (STAR Methods) from the winter oilseed rape variety Cabriolet at 2 weekly intervals between the end of seedling establishment in September through to just before the appearance of first flowers in the following March ( Figure 1D ). Principal component analysis ( Figure 1B ) suggested that the major factor causing the variance in the dataset (PCA1; explaining 25.1% of the variation) was aligned to developmental time because PCA1 separates samples in approximate chronological order. PCA2 explained 17.9% of the variation and was low in late November and in winter and higher at other times of the year, suggesting a seasonal origin. Other principle components explained less than 10% of the total variation between samples. Because of the key role of transcription factors in reproductive development, we focused analysis initially on identifying key patterns of transcription factor expression, using a hierarchical clustering approach (Figure S1A ). This analysis suggested that the seasonal expression of transcription factors could be divided into a small number of major classes that varied in expression through the growing season and coincided with the expression of key known regulators of the floral transition (Figures S1 and 1D). One cluster had high expression at the start of the time series, which then declined sharply during mid-autumn ( Figure S1 , clade 3). A second class started the series with undetectable or low expression, was strongly induced only at the end of winter and spring (Figure S1, clade 5), and contained the well-known floral homeotic genes. In the 3 months between the expression of these two gene groups, two further principle gene expression patterns could be observed: one of roughly stable expression until spring when expression suddenly declined ( Figure S1 , clade 2), which contained homologs of Arabidopsis SHORT VEGETATIVE PHASE (SVP) and AGAMOUS-LIKE 24 (AGL24). A final more complex pattern with peaks of gene expression during winter was observed ( Figure S1 , clade 1). Studying the genes within each class, the October-expressed cluster contained all Brassica napus FLC isoforms, of which there are 9 in Brassica napus [10] . Seven FLC genes were highly expressed in Cabriolet shoot apices ( Figure 1D ), and five of these had declined in gene expression to very low levels by the beginning of November. All FLC gene expression decreased to low levels by the end of November, when the mean daily air temperature was between 10 C and 15 C ( Figure S1B ). Homologous genes known from Arabidopsis to be highly expressed in inflorescence meristems at the floral transition, such as LEAFY [15] and SUPPRESSOR OF CONSTANS 1 (SOC1) [16] , were detected in Cabriolet during November for the first time. In Arabidopsis, SOC1 expression is repressed by the FLC protein [17] . The detection of SOC1 expression in Cabriolet, which coincided with a reduction in the expression of FLC, is consistent with low FLC protein activity at the shoot apex. Finally, well-known floral meristem and floral organ identity genes, such as AP1, FUL, and SEP3, were more highly expressed in late winter and spring, indicating a transition to flowering ( Figure 1D ). Taken together, these data suggested that, in the Brassica napus variety, Cabriolet FLC repression occurred predominantly in October (mid-autumn) and not during winter, as is most commonly assumed. Furthermore, subsequent gene expression changes were consistent with an autumn entry into an inflorescence meristem stage, which persisted until late winter, when the final transition to flowering coincided with observed bolting of the plants. This saw high expression of FRUITFULL (FUL) and floral organ identity genes, coupled with loss of SVP and AGL24 expression, consistent with a transition from inflorescence to floral organ meristem identity [18] . Interestingly, two Brassica homologs of Arabidopsis FLOWERING LOCUS T (FT) (BnFT.A07 and BnFT.C06) were expressed in the shoot apex itself in late winter, in line with observations during bud burst in perennial species [19] .
To test the hypothesis that life history strategy in winter annual Brassica napus requires autumn floral transition, we dissected shoot apical meristems of variety Cabriolet for microscopic Figure 1C ; similar data are shown for 2018-2019 in Figure 3 ). By the 3 rd November, the apex had developed some floral characteristics, including floral meristems and a domed appearance of the apical meristem itself. By 15 th November, the apical meristem had clearly transitioned to inflorescence development, and this continued throughout winter ( Figure 1C ). Our observation that the transition from vegetative to inflorescence development in Cabriolet by November is consistent with vernalization, as sensed by FLC, being an autumn-determined phenomenon, as has previously been described for a Northern Swedish Arabidopsis accession [20] . This raised the prospect that autumn floral transition is the default winter annual life history strategy in Brassica napus. We tested this hypothesis by following a panel of current and recent European winter oilseed rape commercial varieties. Each of 9 varieties tested displayed reproductive meristem characteristics in November ( Figure S2 ), from which we concluded that this is a general feature of winter Brassica napus phenology. In Arabidopsis, sequential aspects of the floral transition occur over a timescale of hours [18, 21] ; however, our analysis shows that this process can require several weeks to months in the field for winter Brassica napus.
Previously, we have identified that, in the United Kingdom, warmer Octobers have been associated with higher yields the following summer [22] . The observation that FLC expression declines predominantly in October led us to hypothesize that warm temperatures in October might delay flowering. This hypothesis is consistent with later flowering being associated with higher yields [13, 23] . To test plant responses to climate change, warming cables have been used to raise temperatures in natural grasslands to simulate winter warming [24] . We employed a similar approach to warm field plots in Norwich, UK (Figure 2 ; STAR Methods). Use of soil-surface-warming cables could raise the temperature of field plots by between 4 C and 8 C, depending on weather conditions ( Figures 2C and 2D) . We hypothesized that, if vernalization is occurring during October, then warming in October would lead to later rather than earlier flowering and that this would be accompanied by higher FLC gene expression levels. To test this, warming cables were switched on at the beginning of October and switched off when plants in control plots proceeded through the floral transition at the shoot apex, as determined by microscopy. This experiment was performed using two winter B. napus varieties, Cabriolet and Slapska Slapy. Cabriolet shows a weaker vernalization requirement (but which is nevertheless standard for modern varieties grown in the UK; Figure S2) , whereas laboratory experiments revealed that Slapska slapy has a requirement of more than 12 weeks in the cold to promote all plants reliably into flower, compared to 6 weeks for Cabriolet ( Figure S3A ). The vernalization requirement phenotype of Slapska Slapy is therefore comparable with Arabidopsis accessions, such as Var2-6 and Lov-1 from N. Sweden, described as having long cold duration requirements for vernalization [25] . Interestingly, previously published transcriptome data suggest the total BnaFLC expression level in leaves before vernalization is approximately three-fold higher in Slapska Slapy compared with Cabriolet ( Figure S3B ) [26] .
Warming began on 8 th October 2018 and continued until control plants progressed through the floral transition for each variety (9 th November for Cabriolet and 27 th November for Slapska Slapy; Figure 3A ). By dissecting apices, we found that warming during October delayed the floral transition by between 3 and 4 weeks for both varieties (Figures 3A and 3B) , with Cabriolet delayed from the first week of November until the beginning of December. Surprisingly, we found in control plots that Slapska Slapy proceeded through the floral transition only 3 weeks after Cabriolet in Norwich, UK (Figure 3 ), and morphological evidence showed that warming delayed the floral transition at the apex by a similar length of time to Cabriolet. Next, we compared FLC gene expression in control and warmed Cabriolet plots as the control plants began the floral transition ( Figure 3C ). We used RNA-seq to ensure we captured the behavior of all homeologous gene copies in B. napus. We found that at least three copies of FLC exhibited higher expression under warm conditions. Warming also reduced the cold-induced increase in VERNALISATION INDEPENDENT 3 (VIN3) gene expression known from Arabidopsis to be necessary for vernalization [27] . Together, our data showed that warm weather during October delayed the floral transition and results in increased FLC expression compared to control plants at the same time of year.
To further confirm that field conditions in October led to vernalization, we removed plants from field plots and placed them in controlled environment chambers in spring-like conditions at 2 weekly intervals during autumn and early winter. With increasing vernalization in the field, Arabidopsis plants flower more rapidly when transferred to controlled, warm conditions [20] . We found that Cabriolet and Slapska Slapy plants that remained in the cooler field conditions for longer flowered earlier compared to those plants brought into controlled laboratory conditions earlier in autumn ( Figure 3D ). This effect continued up to and beyond the date of the floral transition at the apex (compare Figures 3A, 3B, 3D, and 4) and was extended for the later vernalizing Slapska Slapy variety compared to Cabriolet. Interestingly, for plants remaining in the field 20 days or more after the floral transition, field temperatures began to delay flowering compared to controlled conditions, suggesting that, after the floral transition, warm temperatures accelerate flowering.
In spring, flowering was scored in control and warmed plots by visible appearance of yellow flowers, captured by drone flyovers, and by counting the frequency of plants with at least one open flower in each plot. Dissecting apices in late February revealed that the unheated Cabriolet plants had begun to bolt before the heated plants ( Figure S4) , showing that the effects of October warming remained. For both varieties, we found that October warmth delayed time to 50% flowering by 5-7 days ( Figures  4A-4C ). Although the floral transition was delayed by 3 to 4 weeks, flowering was only changed by 5 days (Figure 3) , showing that other processes in inflorescence meristems affect flowering date, in addition to the timing of the floral transition at the apex [28] .
It is generally assumed that vernalization is a cold response that takes place during winter in temperate climates. However, our analysis shows that, instead, vernalization takes place predominantly during October, during which the mean air temperature is approximately 10 C-12 C in the United Kingdom. The floral transition then occurs at the apex in November. Previous research shows that the upper temperature limit for vernalization is at least 14 C in both Arabidopsis thaliana and 17 C for Brassica napus [20, 29, 30] , consistent with the idea that, in the Brassicaceae family, vernalization is not a response to winter temperatures alone. We observed that this field behavior was stable over at least three growing seasons in 2016 to 2017 ( Figure 1D ), 2017 to 2018 (Figure 1C) , and 2018 to 2019 (Figures 3 and S2 ). Furthermore, we found that all varieties tested shared a similar life history ( Figure S2 ), indicating that this result is not due to unconventional behavior of our chosen experimental variety. Warming plots by an average of 5 C in October delayed the floral transition by at least 3 weeks but delayed flowering itself by only 5-7 days (Figure 4C) . Warm Octobers are also historically associated with higher yields [22] , suggesting that premature vernalization is a candidate mechanism for weather-related yield reductions in the United Kingdom. This indicates that other processes in addition to the timing of the floral transition control flowering date. This may explain the weak correlation between FLC expression level and flowering time previously observed [7] . Brassica napus plants in the field exhibited inflorescence meristem characteristics from November through to February, where strong induction of well-known floral organ identity genes takes place ( Figure 1D ). Over timescales of hours, a similar multi-step floral transition has been described previously at the Arabidopsis shoot apex [21] . In Arabis alpina, stable silencing of the FLC ortholog PERPETUAL FLOWERING 1 (PEP1) is observed only when the floral transition takes place during vernalization [31] . This may be evidence that this species is also adapted to a life history with an autumn or winter floral transition. Overwintering as an inflorescence meristem is similar to the life history of conventional perennials, where chilling and subsequent warming are necessary to promote dormancy loss and out-growth of floral buds [32] . Indeed, a further similarity is the observation that two of the four B. napus FT orthologs are expressed in the apex itself ( Figure 1D) , as has been observed for hybrid aspen FT1 before bud break [19, 33] . The transition from warm delaying flowering to warm promoting earlier flowering is also reminiscent of the perennial transition from endodormancy to ecodormancy. Our data show that winter annual behavior in the Brassicaceae is more similar to perennial life history than previously realized.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following:
STAR+METHODS KEY RESOURCES TABLE LEAD CONTACT AND MATERIALS AVAILABILITY
This study did not generate new unique reagents. Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Steven Penfield (steven.penfield@jic.ac.uk).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
All materials studied were winter Brassica napus varieties Cabriolet or Slapska slapy, from the Brassica napus diversity fixed foundation set [26] and can be obtained from the John Innes Centre Germplasm Resource Unit (https://www.seedstor.ac.uk). Where plants were vernalised in the laboratory, 3 weeks old plants were placed at 5 C in 8 hours days for the indicated time period, before recording flowering time in a glasshouse heated to a minimum of 24 C. Where plants were transferred from the field to controlled 'spring-like' conditions in the lab, the precise growth conditions were 13 hours light, 11 hours darkness, 15 C day and 10 C night temperatures.
METHOD DETAILS

Field trials
Field trials were conducted at the John Innes Centre experimental farm located 3km West of Norwich, UK. On each growing occasion 5 replicate 6 m x 1.2 m plots per genotype were used in an alpha randomized experimental design. Variety Cabriolet was grown for 3 successive seasons in 2016/17, 2017/18 and 2018/19, and Slapska slapy in 2018/19. Seeds were drilled on prepared beds during the last 10 days of August. If necessary plots were irrigated to promote seedling emergence during dry conditions. Plots were heated for the indicated time period with 2 lengths of 50 m of warming cable as described previously, laid on the soil surface ( Figure 2 ). Temperature differences were measured with Tinytag TGP-4017 environmental dataloggers (Gemini Data Loggers UK Ltd.,). Heated plots were covered in enviromesh (Agralan, UK) to improve heat retention. Aerial images were captured with a drone-mounted DJI Phantom 4 Pro v2.0 Plus camera (1'' CMOS sensor with 20MP). Flowering time was scored as the appearance of the first open flower on each plant in each plot, with % of plants in flower in each plot noted for each variety and treatment.
Gene expression analysis
RNA was harvested from single shoot apices with 3 biological replicates per time-point, developing organs were removed before freezing in liquid nitrogen RNA was extracted according to the manufacturer's instructions using the ENZA Plant RNA kit (Omega Bio-tek). RNaseq for 2016/17 was conducted using an Illumina Hiseq 4000 at Earlham Institute, Norwich, UK generating 150bp paired-end sequences with 44-53 million reads per sample. The 2018/19 RNA samples were processed at Novogene, Beijing using an Illumina Hiseq 6000 to construct strand-specific libraries, 250-300bp paired-end sequences with 23-36 million reads per sample were acquired. REAGENT 
